Lysine catabolism in seedlings of barley (ffordeum vulgare L. var. Emir) was studied by direct injection of the foliowing tracers into the endosperm of the seedlings: aspartic acid-3-14C, 2-aminoadipic acid-l-14C, saccharopine_14C, 2,6-aminopimelic acid-_l(7)_'4C, and lysne-_l '4C. Labeled saccharopine was formed only after the adm tion of either labeled 2,6-diaminopimelic acid or labeled lysine to the seedlings.
A considerable diversity of pathways exists not only for the biosynthesis but also for the catabolism of lysine. At least three catabolic routes have been proposed to operate in fungi (17) and animals (4), aerobic bacteria (12, 34, 36) , and anaerobic bacteria (35) , respectively. Studies on lysine catabolism in higher plants are scarce and no general pathway has been established.
The conversion of lysine to alkaloids occurs in a limited number of plants (10, 22) . However, the following observations and results on the presence of possible products of lysine catabolism and on catabolic pathways have been reported. 2-Aminoadipic acid is a common constituent of higher plants (11, 18) . Saccharopine, N6-(2'-glutaryl)lysine, has been isolated from the seed kernels of Fagopyrum esculentum (buckwheat) (32) , and recently from the inflorescence of Reseda odorata (H. Sorensen, personal communication). The high amount isolated from Reseda odorata establishes saccharopine as a constituent of higher plants. Both 2-aminoadipic acid and saccharopine are intermediates of lysine biosynthesis in fungi (25) , but are also known as products of lysine catabolism in animals (3, 4, 13) . Lysine biosynthesis in those higher plants hitherto examined proceeds via the 2,6-diaminopimelic acid pathway (2, 29, 30) . The operation of the 2-aminoadipic acid pathway at a very low rate has not been excluded because 2-aminoadipic acid and saccharopine are incorporated to a low extent into lysine (29, 31) . Thus the position of saccharopine and 2-aminoadipic acid in lysine metabolism of plants is not clear. Observations in Phaseolus vulgaris (8, 23) indicate a catabolic pathway of lysine with pipecolic acid as a key intermediate. A'-Piperideine-2-carboxylic acid is reduced to L-pipecolic acid by Pisum sativum and Phaseolus radiatus (26) . An amine oxidase in Pisum sativum converting L-lysine to 2-amino-6-oxocaproic acid has also been reported (24) . In Acacia phyllodes, 2-aminoadipic acid and pipecolic acid are formed from lysine via 2-amino-6-oxocaproic acid (5) . Unfortunately, all these studies are conducted with plants belonging to ' A Terumo microsyringe was used to inject 1 ,ul of tracer solution into the endosperm of 4-day-old seedlings grown as above. Eighty-seedlings were employed for each experiment. Two days after injection, the seedlings were harvested and separated into primary. leaf, endosperm, and root. Each part was dried and hydrolyzed in 6 N HCI, and ion exchange resins were used to obtain a water eluate containing sugars and organic acids, a pyridine eluate containing neutral and acidic amino acids, and to obtain pure lysine (29) .
Isolation of Acidic Amino Acids by Ion Exchange Chromatography. The pyridine eluate containing neutral and acidic amino acids were evaporated to dryness in a rotary evaporator, dissolved in H20, and applied to a strongly basic ion exchange resin (Dowex 1 x 8, 50-100 mesh, acetate form, 1 x 15 cm). After elution of neutral amino acids with 150 ml of H20, acidic amino acids were eluted with 250 ml of 1 N acetic acid. The acetic acid eluate was evaporated to dryness and applied to a strongly basic ion exchange resin (Dowex 1 x 8, 200-400 mesh, acetate form, 0.9 x 60 cm). After the column was washed with 100 ml of H20, elution of acidic amino acids was performed with 250 ml of 0.1 N acetic acid followed by 600 ml of 0.3 N acetic acid. Fractions of 10 ml were collected. Aliquots (300 ,ul) of each fraction were counted in a liquid sc-intillator. Saccharopine emerged in fractions 18 Table   Isolation and Identification of Labeled Intermediates. Isolation and identification of labeled intermediates were performed by use of the four separation methods described above.
Ion exchange chromatography of acidic amino acids gave no sharp separation of saccharopine and 2-aminoadipic acid, and of aspartic acid and pyrosaccharopine, respectively. The respective fractions containing more than one amino acid were therefore pooled and evaporated to dryness in a rotary evaporator. After being dissolved in a small volume of water, two-dimensional paper chromatography gave a distinct separation of saccharopine, 2-aminoadipic acid, and pyrosaccharopine, the latter formed from saccharopine during the evaporation step, and of pyrosaccharopine and aspartic acid, respectively. The compounds were located on the chromatograms by autoradiography or scanning, and the RF values observed were identical to those of authentic standards. The labeled areas were cut out and eluted with water, and fractions containing identical amino acids were pooled. The paper chromatographic purification procedure was repeated applying aliquots of the aspartic and glutamic acid fractions, and the total amounts of the fractions containing 2-aminoadipic acid, saccharopine and pyrosaccharopine. The labeled areas were again located on the chromatograms by autoradiography and showed RF values identical to authentic standards. The labeled compounds were recovered from the chromatograms and examined by two-dimensional TLC. All In order to examine the formation of labeled neutral intermediates, the two water eluates from the strongly basic ion exchange resin were combined and evaporated to dryness in a rotary evaporator. After being dissolved in a small volume of water, aliquots were examined by high voltage electrophoresis. Labeled compounds were recovered and examined by paper and TLC, consecutively. No radioactivity was found in 5-aminopentanoic acid and 2-amino-6-hydroxycaproic acid.
Pipecolic acid was separated from other neutral amino acids by two-dimensional paper chromatography. Two identical chromatograms were made by use of aliquots from the eluate containing neutral amino acids and by addition of an unlabeled pipecolic acid standard. Labeled compounds on the chromatograms were visualized by autoradiography. Both chromatograms showed two labeled spots in the area of pipecolic acid. One of the chromatograms was developed with ninhydrin and the two labeled spots were found superimposable with a yellow and a clear blue ninhydrin spot, characteristic for proline and pipecolic acid, respectively. The labeled compound corresponding to pipecolic acid was cut out and recovered from the second chromatogram. Two dimensional TLC showed only one spot corresponding to pipecolic acid.
Determination of Radioactivity. Radioactivity on paper or thin layer chromatograms and on electropherograms was determined either by scanning (Bertold Dunnschicht Scanner II) or by autoradiography (Kodirex x-ray film, 18 x 24 cm). To obtain an accurate determination of radioactivity in labeled spots on the chromatograms, the labeled areas were cut out, eluted with H20, and aliquots counted in a Packard Tri-Carb scintillation spectrometer Model 3320. Aqueous samples were made up to 1 ml with H20. Ten milliliters of scintillation fluid (toluene-Triton X-100 with 2,5-diphenyloxazole and 1,4-bis[2,5-(phenyloxazolyl)]benzene) were added to each sample (37) . RESULTS 
AND DISCUSSION
The overall metabolic fate of the tracers used to study lysine metabolism in barley are shown in Table II . The tracers were administered to the seedlings by injection into the endosperm and the radioactivity was readily transported to the primary leaf (Table II) . Also, the distribution of radioactivity indicates none of the administered tracers were metabolically inert (Table II) .
The results of the studies on lysine metabolism are shown on Table III and IV. The lysine and the aspartic and 2-aminoadipic acids administered were racemic. The labeled 2,6-diaminopimelic acid used was a mixture of 23.5% LL-, 23.5% DD-, and 53.5% meso compound (29) , while the labeled saccharopine, N6
-(2'-glutaryl)-lysine-[1,2,3,4,5,61-'4C, presumably was a mixture of equal parts of the two diastereoisomers L-saccharopine and D-allosaccharopine (16) . 2-Aminopimelic acid was included as a standard because the original 2,6-diaminopimelic acid precursor was found to contain 0.3% of an impurity which in all separation systems used behaved identically to this compound. In none of the experiments with other precursors was radioactivity found in 2-aminopimelic acid. Besides the labeled intermedi- The data present total dpm and incorporation percentages based on the total amount of radioactivity present in the primary leaf at the end of the biosynthetic experiment. Tables III and IV , a low amount of radioactivity was also found in pyrrolidone-5-carboxylic acid and piperidone-6-carboxylic acid. However, these two compounds, like pyrosaccharopine, were formed during the procedure of acid hydrolysis from glutamic and 2-aminoadipic acids, respectively (7, 19 ). It appears from the data in Table I that the consecutive use of the four separation methods described gave a distinct separation of all identified compounds. Saccharopine, like 2-aminoadipic acid, is a poor lysine precursor in barley (Table III and IV) . The aspartic acid-3-'4C administered to the plants is, via the citric acid cycle, easily transformed to a-ketoglutaric acid-2-'4C and acetyl-CoA-1,3-'4C, both initial lysine precursors of the 2-aminoadipic acid pathway known from fungi. Radioactivity from aspartic acid-3-'4C can therefore be incorporated into lysine via both the 2-aminoadipic acid pathway and via the 2,6-diaminopimelic acid pathway. However, if the 2-aminoadipic acid pathway was functioning, aspartic acid-3-'4C might give rise to label in both 2-aminoadipic acid and saccharopine. No radioactivity was observed in saccharopine. The radioactivity found in 2-aminoadipic acid corresponds to 2.1% of the radioactivity found in lysine. The similar percentages found when 2,6-diaminopimelic acid and lysine were used as tracers were 1.0 and 1.2%, respectively. In the experiment with aspartic acid as tracer, labeled 2-aminoadipic acid may also originate from degradation of the labeled tryptophan formed (6) . Thus the labeled 2-aminoadipic acid formed in this experiment may originate from lysine and tryptophan catabolism. In the experiment with labeled 2-aminoadipic acid as tracer, no activity was found in saccharopine at all. It appears that barley seedlings, to a low extent, can convert saccharopine and 2-aminoadipic acid to lysine. However, it has not been shown that the seeedlings can synthesize lysine from simple precursors of the 2-aminoadipic acid pathway. The previously reported result (29, 31) , that this pathway is of no quantitative importance for the lysine production of the seedlings, is confirmed.
The discussion above indicates that saccharopine has no major role in lysine biosynthesis in barley seedlings. Labeled saccharopine is formed when labeled 2,6-diaminopimelic acid-1- (7)-'4C or lysine-1-_4C are administered to the plants (Table III) Figure I . In the experiment with labeled DL-lysine-1-14C as precursor, formation of labeled pipecolic acid was observed (Table III) .
This label is thought to originate from the D-lysine administered (22, 28) . No experiments were done with commercial claimed optical pure D-or L-lysine because it was found difficult to establish the degree of optical purity, and therefore to obtain unequivocal results (22) . This difficulty was surmounted by the use of 2,6-diaminopimelic acid-1-(7)-'4C as precursor. From this precursor no labeled pipecolic acid was formed, suggesting that the labeled 2,6-diaminopimelic acid administered gave rise to only labeled L-lysine and this was not catabolized via pipecolic acid.
The metabolism of lysine is remarkable in the sense that different organisms may use different pathways for biosynthesis or catabolism of the compound. A previous study (29) showed that barley seedlings can synthesize lysine via the 2,6-diaminopimelic acid pathway also used by bacteria. In plants amino acid biosynthesis seems to proceed at least partly in the chloroplasts (21, 27) and these are also likely to be sites of lysine biosynthesis. Animals cannot synthesize lysine, but catabolize lysine via an apparent reversal of some of the biosynthetic steps of the 2-aminoadipic acid pathway (4) . This study shows that this catabolic lysine pathway can also operate in barley seedlings. The catabolism of lysine in animals proceeds in the mitochondria (4) , and also in fungi, at least, some steps of the 2-aminoadipic acid pathway takes place in the mitochondria (1) . Catabolism of lysine in barley seedlings may also take place in the mitochondria.
